Seven diet models offering were designed to investigate their effects on growth of the shrimp Litopenaeus vannamei, with a mean body weight of 1.380 6 0.005 g (mean 6 SE) at a temperature of 25 6 0.58C. The shrimps under different treatments were periodically fed with polychaete worm (PW, Neanthes japonicus) and commercial formulated diet (FD) with the ratio of 0:1, 1:4, 1:2, 1:1, 2:1, 4:1, and 1:0 in feeding frequency of PW followed by FD, respectively. Only one kind of food was offered each time and all the shrimps were fed twice daily. The result of the 45-day experiment showed that the specific growth (SGR d ) of shrimps fed with PW exclusively was 65% higher than those fed with FD only (P , 0.05); and the shrimps fed with the ratio of 4PW: 1FD, grew 15% faster than those fed with PW only in terms of SGRd (P , 0.05). The shrimps fed with the ratio of 4PW: 1FD spent a greater percentage of energy deposited for growth (G) from the energy consumed in food (C) and less percentage of energy lost for respiration (R) from C than those of shrimps fed with PW only. In contrast to feeding mixed diets, intermittent feeding of different diets can improve food conversion efficiency and avoid the waste of food caused by shrimp's food selection behavior. Therefore, the pattern of intermittent feeding on different diets was more practical and valuable in aquaculture.
INTRODUCTION
In recent years, the white-leg shrimp, Litopenaeus vannamei (Boone, 1931) , has drawn considerable attention as an important aquaculture species in China and become the most widely cultured species in many south Asian countries such as Indonesia, Thailand, and Viet Nam. Formulated feed plays an important role in semi-intensive production of shrimp, and it constitutes nearly 55% of the total operating cost (Mohanty, 2001) . Both feed quality and management play an important role in governing production, feed conversion efficiency, and minimization of feed wastage. Development of strategic feed management based on the feeding behavior and natural pond biota is extremely important as it improves growth and FCE (food conversion efficiency), while reducing the production cost.
Owing to the dynamic nature of the habitat of the shrimp, as well as the availability of food resources, this shrimp has adopted an omnivorous feeding habit. The natural diet of the shrimp includes microbes, debris, plants, and animals (Dall, 1968) , although it prefers animal food (Biesiot and Capuzzo, 1990; Chong and Sasekumar, 1981; Cockcroft and McLachlan, 1986; Minami, 2000; Newell et al., 1995; Nunes et al., 1997; Prakash and Agarwl, 1989; Phil and Rosenberg, 1984; Roy and Singh, 1997; Schwambom and Griales, 2000) . Many researchers report a faster growth rate for shrimp when the animals were fed with a combination of feed (Chamberlain and Lawrene, 1981; Dall et al., 1990; Huang et al., 2005a) . Although the shrimp grows faster when several kinds of diets offered simultaneously, utilization of ingested food was not satisfactory, and one or more kinds of diets became remnants because of their food preference behavior (Huang et al., 2003; 2005a) .
Excessive feed and multiple feeding are often used for higher production in the pond culture of shrimps (Mohanty, 2001; Sedgewick, 1979) . Shrimps will grow faster when several kinds of diets are offered simultaneously, as they benefit from the improvement in nutritional balance; at the same time, the food waste may inevitably occur. In order to improve the growth of shrimps and avoid the waste of feed and take full advantage of compensatory growth induced by intermittent nutrition restriction (Wu and Dong, 2002) , the effect of periodically feedings with different kinds of diets on the growth rate of L. vannamei were studied by measuring specific growth rate (SGR) and determining an energy budget.
MATERIALS AND METHODS

Source of Juvenile L. vannamei and Preliminary Acclimation
The experiment was carried out from August 2 to September 15, 2005 at the Mariculture Research Laboratory, Ocean University of China, Qingdao, P. R. China. The shrimp used in the experiment were obtained from the Jiaozhou Shrimp Farm, Qingdao. Prior to the experiment, animals were screened for health status and were transferred into aquaria and underwent a 10-day acclimation period at 25 6 0.58C during which they were fed with commercial formulated feed (43.39 6 0.22% crude protein, 9.74 6 0.30% fat, 9.91 6 0.01% ash, 8.41 6 0.06% moisture, 16.88 6 0.11 KJ/g energy) to satiation twice a day (at 0600 and 1800 h).
Rearing Condition
Shrimps were kept in glass aquaria (45 3 30 3 30 cm, water volume of 35 l). Four shrimps were allocated to each rearing unit in an aquarium. Seawater was filtered using a sand filter and the salinity was 28-30 ppt. Four-fifths of the rearing water was exchanged by fresh equi-temperature seawater every two days to ensure high water quality. Aeration was provided continuously by air-pump. In order to prevent the shrimp from jumping out, every aquarium was covered with a mesh cover. During the course of the experiment, dissolved oxygen was maintained above 6.0 mg/L, pH was around 7.8, ammonia was less than 0.24 mg/L, water temperature was controlled by air-conditioner at 25.0 6 0.58C, and a simulated natural photoperiod (14-h light/10-h darkness) was used.
Experiment Design and Preparation of Diets
Seven diet treatments were used in which shrimps were fed with formulated diet (FD) or polychaete worm (PW, Neanthes japonicus) in a specific sequence and proportion: R1, R2, R3, R4, R5, R6, and R7, and the PW:FD ratios were 0:1, 1:4, 1:2, 1:1, 2:1, 4:1 and 1:0, respectively (Table 1) . For example, Treatment R2 was fed once with PW and FD, respectively, on the first day and three times with FD during the following one and a half days; then the same feeding sequence started over again on the third day's afternoon. For Treatment R3, the shrimp was fed once with PW and FD, respectively, on the first day and one more time with FD on the second morning; then the same feeding sequence started over again on this day's afternoon. Four replicates were set up for the experiment for each treatment.
Live N. japonicus was cut into pieces (about 2 cm in length) before feeding, and samples were taken everyday for later analysis of moisture ratio, energy, and protein content. The energy content and composition of these two kinds of diets are shown in Table 2 .
Experimental Procedure and Sample Collection
After 24-hour feed deprivation, 132 size-selected shrimp with similar initial weight (1.380 6 0.005 g: mean 6 SE) were pooled into a large fiberglass tank. From this tank, 20 shrimps were randomly sampled for later analysis (including initial dry weight, energy, and protein content). The remaining shrimp were randomly selected, individually weighed, and stocked into 28 aquaria with each aquarium holding four individuals. During the experiment, the shrimp were fed ad libitum twice daily (at 0600 and 1600 h) and the uneaten food and feces were siphoned into cups within 3 h post-feeding. Uneaten food and feces in cups were settled, and then the water above was removed carefully. Molted shells were collected at the same time. The collected uneaten food, feces and shells were dried at 658C, and kept for further analysis. At the end of the 45-day experiment, all the test shrimp were collected and dried at 658C for 48 h.
Determination of Energy Contents and Estimation of Energy Budget
The energy content of the shrimp bodies, food, molt shells, and feces were measured by a Parr 1281 Oxygen Bomb Calorimeter. The energy budget was calculated as the following equation for the crustacean energy budget (Petrusewicz and Macfadyen, 1970) :
where, C is the energy consumed in food; G, the energy deposited for growth; F, the energy lost in feces; U, the energy lost in excretion; E, the energy lost in exuviae, and R, the energy for respiration. The estimation of U was based on the nitrogen budget equation (Levine and Sulkin, 1979; Lemos and Phan, 2001 ):
where, C N is the nitrogen consumed from food; F N , the nitrogen lost in feces; G N , the nitrogen deposited in shrimp body; E N , the nitrogen lost in molting; 24.830, the energy content in excreted nitrogen per gram (J/g). The nitrogen contents in the formulated feed, polychaete worm, shrimp, feces, and molt shells were measured by a Vario EL III CHNOS Elemental Analyzer (Elementar Analysensysteme GmbH, Germany).
The value of R was calculated as the following energy budget equation: Estimated food conversion efficiency (eFCE), the value of FCE on the assumption that there was no interaction between different diets that would affect the total food conversion efficiency, was calculated as (Huang et al., 2005b) :
where, FCE i is the actual FCE when the shrimp were fed with one single kind of diet and R i is the percentage of corresponding diet of the total food consumption. Estimated weight gain (eWG) was calculated similarly:
where WG i is the actual WG when the shrimp were fed with one single kind of diet and R i is the percentage in corresponding diet of the total food consumption.
Values given in percentages were arcin-transformed before testing for homogeneity of variances; data were then analyzed with a 1-way ANOVA. Statistics were performed using SPSS 10.0 statistical software (SPSS, 1999) . If significant differences were indicated at the 0.05 level, then Duncan's multiple range tests were used to test the differences between treatments. However, a paired-samples t test was applied to determine the difference between the estimated values of WG and FCE and their corresponding observed ones.
RESULTS
Survival and Molting
The survival rate in all the treatments except R2 (1PW:4FD) and R6 (4PW:1FD) was 100%. Animals died in the treatment R2 and R6 when they had not been found in time after jumping out of the aquaria, which, however, did not create any significant difference among treatments (Table 3) . Molting frequency (MF) of the test shrimp was enhanced when the frequency of feeding polychaete worm increased, and a significant difference occurred when the feeding ratio (PW: FD) reached 1: 1 (Treatment R4) ( Table 3) . Growth There were no significant differences of the initial body weight of shrimp among different treatments (P . 0.05) ( Table 4) . At the end of the experiment, the final wet weight of the test shrimp increased gradually with increasing frequency of feeding PW. However final weight in treatment R7 (all PW), in which shrimp were fed with PW only, was lower than that of the Treatment R6 (4PW:1FD). Further, final weight in Treatment R6 was significantly higher than all other treatments except Treatment R5 (2PW:1FD) (P , 0.05).
Other indices such as weight gain (WG), specific growth rate in terms of dry weight ((SGR d ), energy content (SGR e ) and protein content (SGR p ) also manifested a similar pattern (Table 4 ; Fig. 1 ).
Feed Intake
The feed intakes (FI d ) exhibited a declining trend with the increasing frequency of feeding PW (Fig. 2) . Treatments R1 (all FD), R2 (1PW:4FD), R3 (1PW:2FD) were significant different from the other treatments, and furthermore these three treatments were significantly different from one another (P , 0.05). FI e showed similar pattern as FI d . FI p under Treatments R1 and R2 were significant higher than those under Treatments R4 (1PW:1FD) and R5 (2PW:1FD) (P , 0.05), while no significant differences were found among other treatments.
Food Conversion Efficiency
The food conversion efficiency (FCE) in terms of dry matter increased gradually as the increasing frequency of feeding PW, and the value reached its maximum under Treatment R6 (4PW:1FD) ( Table 5 ). The FCE d at R6 was significantly higher than those at the other treatments except Treatment R5 (2PW:1FD) and R7 (all PW) (P , 0.05). The FCE d at Treatments R1 (all FD) and R2 (1PW:4FD) were significantly lower than those at other treatments (P , 0.05). FCE e and FCE p exhibited the same pattern.
The values of estimated FCE (eFCE) under Treatments R2, R3, R4, R5 and R6 were all smaller than their observed ones, however, only the eFCE (in terms of dry matter, energy content, and protein content) of Treatments R5 and R6 were significantly lower than their observed ones (P , 0.05) ( Table 5) .
Energy Allocation
The patterns of energy allocation among the test shrimp presented significant differences (P , 0.05) ( Table 6 ). As the frequency of feeding PW increased, the energy deposited in growth increased and reached the maximum under Treatment R6 (4PW:1FD), but declined under Treatment R7 (all PW). However, the energy lost in Table 1 for explanation of treatment types R1 to R7. Means with different letters indicate significant differences (P , 0.05), and bars represent standard errors of the means. The indices SGR d , SGR e , and SGR p indicate specific growth rate in terms of dry weight, energy content, and protein, respectively. Meanwhile, the energy lost in exuviates, being contrary to the pattern of feces, rose as the frequency of feeding PW increased.
DISCUSSION
In order to improve shrimp production and feed conversion efficiency, studies examined feeding frequency (Sedgewick, 1979; Robertson et al., 1993; Akiyama and Chwang, 1989) , ration size (Mohanty, 2001; Sedgewick, 1979) , and diel rhythm (Akiyama and Chwang, 1989; Mohanty, 2001 ). In addition feeding shrimp with a mixed diets results in faster growth rates than single item diets (Dall et al., 1990; Chamberlain and Lawrence, 1981; Huang et al., 2005a) . However, as Huang et al. reported (2003 Huang et al. reported ( , 2005a , mixed diets can turn into remnants because of shrimp's food preference behavior, and the corresponding food conversion efficiency was not quite satisfying. Therefore, avoiding the waste of food and increasing the food conversion efficiency becomes the keystone to whether the principle of feeding mixed diets can be applied to the practical aquaculture of shrimp.
The pattern of intermittent feeding of different diets, characterized by offering shrimps one kind of diet each time, was used in this research. The results showed that the SGR d of the shrimps fed with PW exclusively was 65% higher than those fed with FD only (P , 0.05) (Fig. 1) and the shrimp under treatment R6 (4PW:1FD) grew 15% faster than those fed with PW only in terms of SGR d (P , 0.05) (Fig. 1) . This result indicates that a pattern of intermittent feeding of different diets can boost growth of the shrimp in the same manner as feeding mixed diets. However, since this feeding pattern hasn't been reported by other authors, a direct comparison between the different feeding experiments is unfortunately impossible.
The weight gain (WG) of the test shrimps in this experiment can be described as
where eWG is the estimated value of WG, which was calculated on the assumption that there was no interaction between different diet; and D was the gain effect produced by the interaction between FF and PW on growth of the shrimp. The observed WG values of the shrimps fed with different diets (from R2 to R6) all exceeded their anticipated ones, and the WG under Treatment R6 was even significantly higher than that under Treatment R7 (all PW) which was fed solely on the PW (P , 0.05) (Table 4) . So, compared with the pattern of feeding exclusively on a single diet, the increase in weight is the primary advantage of the undirected mixed feeding (intermittent feeding) pattern used in this experiment. The gain effect in this experiment was not derived from increased food intake, which, in fact, decreased gradually with the increasing frequency of feeding PW (Fig. 2) , but, it was probably the result of improved physiology.
The observed FCEs under those treatments intermittently fed with different diets (from R2 to R6) were all higher than their estimated ones (Table 5) . Furthermore, the observed FCEs under Treatment R5 (2PW:1FD) and R6 (4PW:1FD) were 10% and 14% higher respectively (P , 0.05) than their estimated ones. The results suggest that intermittently feeding different diets made the shrimp utilize their food more efficiently.
With reference to the patterns of energy allocation (Table  6) , the shrimps deposited more energy in growth and exuviate, and spent less energy in respiration, feces, and excretion when they were fed with PW at a higher frequency. More importantly, the shrimp under Treatment R6 (4PW:1FD) deposited even more energy in growth than those exclusively fed with PW. Consequently, this shift in bioenergetics was the main reason for the improvement of Table 1 for explanation of treatment types R1 to R7. Means with different letters indicate significant differences (P , 0.05), and bars represent standard errors of the means. The indices FI d , Fie, and FI p indicate feed intake in terms of dry weight, energy content, and protein respectively. growth and food utilization efficiency of the shrimps in this experiment.
In conclusion, the present study with L. vannamei demonstrated that the feeding pattern of intermittent feeding of different diets can also accelerate the growth of shrimp as feeding different diets simultaneously; moreover, it can improve food conversion efficiency, avoid the waste caused by shrimps' food selection behavior and reduce the resultant waste effluent, which makes this feeding method more valuable and practicable. Considering the contamination that may be caused by feeding the shrimp with N. japonicus in pond culture practice (Wu, 1995; Dong et al., 2000) , feeding quantity requires high attention and indoor cultivation is much more amenable to this feeding method. Cultured N. japonicus, widely cultivated in China (Shi and Ye, 2006; Wang et al., 2003) , are also recommended to relieve the pressure on the natural resources. Wu and Dong (2002) found that when Fenneropenaeus chinensis (Osbeck, 1765) were transferred from protein restriction to realimentation, they showed over-compensatory growth which was characterized by significantly improved growth over the control (Dobson and Holmes, 1984; Hayward et al., 1997) . Compensatory growth induced by intermittent nutrition restriction may be the main reason boosting the growth and food conversion efficiency when the shrimps were intermittently fed with different diets in this experiment. Nevertheless, further research needed to confirm this hypothesis and investigate other potential mechanisms. Table 6 . The energy allocation of L. vannamei under different treatments. Values (expressed as mean 6 SE, n ¼ 4) within the same column sharing a common superscript are not significantly different (P . 0.05). See Table 1 for explanation of treatment types R1 to R7. C is the energy consumed in food; G, the energy deposited for growth; F, the energy lost in feces; E, the energy lost in exuviate; U, the energy lost in excretion; and R, the energy for respiration. 
